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Highlights: 

 Vector radiative transfer computations were performed for atmosphere-ocean models 

 Four models, four wavelengths, two altitudes, and 100 geometries were considered 

 Three radiative transfer codes were used to validate the accuracy of computations  

 Tabulated testbed values are presented for Stokes parameters I, Q, and U  

 The accuracy of the testbed tables is at least 10
−5

 and mostly better than 10
−6
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Testbed results for scalar and vector radiative transfer 

computations of light in atmosphere-ocean systems 

 

Jacek Chowdhary, Peng-Wang Zhai, Feng Xu, Robert Frouin, Didier Ramon 

 

Abstract 

We generate and tabulate reflectance values of the Stokes parameters I, Q, and U of upwelling 

radiance above a rough ocean surface and at the top of the atmosphere (TOA) for 100 

scattering geometries, four atmosphere-ocean systems, and four wavelengths. The 

atmosphere-ocean systems increase in complexity from (a) a molecular atmosphere above a 

rough ocean surface (AOS-I model); to (b) a pure water body below a rough ocean surface 

(AOS-II model); to (c) a fully-coupled simple atmosphere-ocean system (AOS-III model) 

containing a molecular atmosphere, rough ocean surface, and pure water; to (d) a fully-

coupled complex atmosphere-ocean system (AOS-IV model) that includes scattering by 

molecules, rough ocean surface, pure water, and hydrosols. Our wavelengths (350, 450, 550, 

and 650 nm) capture the ultraviolet-visible. Our tables provide radiative transfer (RT) testbed 

results for atmosphere-ocean systems with an accuracy that surpasses the measurement 

accuracy of state-of-the-art polarimeters. To validate the accuracy of these tables we 

performed computations using three independent RT codes that provide deterministic 

numerical solutions for the RT equation. The agreement is 10
–5

 for AOS-IV model, and 10
–6

 

for the other models. The degree of linear polarization computed by these RT codes differs by 

≤0.2% for 15 isolated cases of tabulated reflectance values, and by ≤0.1% for all remaining 

cases. We also provide comparisons with results obtained by a stochastic RT code for AOS-I 

model. The agreement between the deterministic and stochastic results for this model is 10
–5

 

at TOA, and 10
–6

 above the ocean surface. 

 

Keywords: 

radiative transfer, atmosphere-ocean system, Stokes parameters, testbed, polarimeters, PACE 

 

1. Introduction 

Unpolarized incident light that is scattered by particles suspended in a medium becomes 

partially polarized. Most of this polarization is linearly orientated (i.e., oriented along a 

constant direction that is perpendicular to the propagation of light). The degree and direction 

of this polarization changes with the viewing angle and wavelength of observation for a given 

sample of suspended particles. Such angular and spectral polarization signatures are also 

highly sensitive to the physical and chemical properties of the suspended particles [1]. This 

sensitivity has successfully been exploited during the last 40+ years to obtain unique 

                  



information about aerosols and clouds in planetary atmospheres from moderately accurate 

polarimetric remote sensing observations of extraterrestrial planets such as Venus 

[2,3,4,5,6,7,8,9], Jupiter [10,11,12], Titan [13,14] and of the Earth [15,16,17,18]. In addition, 

promising results have been obtained in analyzing the sensitivity of polarimetric remote 

sensing observations over oceans to properties of hydrosols [19,20,21]. Currently available 

airborne polarimeters are able to measure linear polarization signatures with up to an order of 

magnitude better accuracy [22,23,24,25], which allows for better characterization of aerosol 

properties [26,27]. Such measurement improvements are necessary for future space-borne 

polarimeters to reduce the estimate uncertainty of – and therefore to increase our 

understanding of – climate change caused by anthropogenic aerosols [28,29]. The 

measurement improvements can also lead to new data products, such as the composition of 

ocean microlayer surfaces [30]. Another ocean application of such improvements, recognized 

by the Pre-Aerosol Cloud ocean Ecosystem (PACE) science teams (ST), is to better 

distinguish and invert atmospheric scattering from ocean color contributions in space-borne 

observations of complex atmosphere-ocean environments [31,32,33]. However, the 

improvements in polarimetric remote sensing capabilities require also matching 

improvements in the validation of simulation accuracy for upwelling polarized light above the 

ocean surface in realistic atmosphere-ocean systems.  

The current literature contains a multitude of testbed results to validate radiative 

transfer (RT) computations for the polarization of light in isolated slabs of atmosphere. 

Tabulated results can be found for homogeneous atmospheres containing molecules only 

[12,34,35,36,37], for (in-) homogeneous atmospheres containing (molecules and) aerosols 

[38,39,40], and for homogeneous atmospheres consisting of cloud droplets [40]. However, 

while Escribano et al. [41] do consider an ocean surface below an atmosphere for testbed 

results, there exist no such tables for the polarization of light computed for atmosphere-ocean 

system (AOS) models that include water-leaving radiance. Comparisons for polarized light 

computations using different RT codes have been reported for such models [42,43,44,45,46], 

but the results are drawn as a function of viewing angle which limits the accuracy that can be 

extracted to validate other RT codes. Current and future remote sensing polarimeters can 

measure the degree of linear polarization (DLP) to an accuracy of 0.2%–0.5%, which requires 

that the RT codes used to analyze these measurements must be validated to at least the same 

accuracy. Even quantitative RT results for just the intensity of light computed for AOS 

models are rare to find [47,48].  

The main objective of this study is to provide accurate (down to at least 10
–5

) tabulated 

results and comparisons for the reflectance of total and linearly polarized upwelling radiance 

just above the ocean surface (SRF) and at the top of the atmosphere (TOA) computed for 

different viewing geometries, wavelengths, and AOS models. Such accuracies are necessary 

to obtain numerical threshold accuracies for DLP of better than 0.2%. Our target will be to 

obtain numerical accuracies for DLP of better than 0.1%. A secondary objective is to provide 

corresponding results for radiance-only computations, which also do not yet exist at the time 

of this study. We employ one thoroughly-vetted  RT code (i.e., eGAP) to compute all 

tabulated values, and two additional thoroughly-vetted RT codes (i.e., MarCh-AD and SOS-

CAOS) to assess their associated uncertainties. The RT computations are performed by 

members of the current term (2014-2017) PACE Science Team who are tasked to investigate 

the improvement that can be achieved in atmospheric correction for space-borne ocean color 

photometry when adding multi-angle, multi-spectral polarimetric remote sensing data 

[49,50,51]. The viewing geometries for the tabulated results include the backscattering and 

sunglint observations in the solar principal plane, and off-principal plane observations that 

                  



graze neutral polarization points seen in actual airborne observations [52] and in simulations 

[53,54]. The wavelength for the tabulated results ranges from 350 to 650 nm to include the 

UV-VIS hyperspectral observations considered for the PACE mission [31]. Four AOS models 

are considered for our computations (Table 1). They increase gradually in complexity from 

(a) a purely molecular atmosphere above a wind-ruffled ocean surface without (i.e., totally 

transparent) ocean body (AOS-I model); to (b) a pure ocean water body below a wind-ruffled 

ocean surface with no (i.e., totally transparent) atmosphere (AOS-II model); onward to (c) a 

fully-coupled simple atmosphere-ocean system body (AOS-III model) containing a molecular 

atmosphere, wind-ruffled ocean surface and pure ocean water; and finally to (d) a fully-

coupled complex atmosphere-ocean system (AOS-IV model) that includes scattering by 

molecules, wind-ruffled ocean surface, pure ocean water, and sharply forward-peaked 

scattering by hydrosols. Some results presented for the AOS-I model can be compared with 

those reported for an isolated molecular atmosphere by Natraj et al. [36] if the optical 

thickness is set to 0.5 (this model is denoted by AOS-I*), whereas the purpose of the advanced 

AOS-IV model is to produce realistic water-leaving radiance contributions to SRF and TOA 

observations. Note however that none of our AOS models reproduce the complexity 

encountered in the real world, i.e. their microscopic and macroscopic properties are chosen to 

facilitate comparisons of RT computations rather than for use in actual ocean color inversions. 

When possible though, we provide references for the interested reader to find more realistic 

values for the ocean parameters used in our AOS models.  

The organization of this manuscript is as follows. In Sec. 2, we review basic 

definitions that are specific for the results reported in this work. The following Sec. 3 provides 

the details of the AOS models and their properties used as input for our RT computations.  

The RT codes used to perform our computations are described in Sec. 4. In Sec. 5 we discuss 

our RT results, and compare the spread in numerical results between our RT codes. The 

corresponding tables and figures are provided separately as supplementary material at 

doi:10.1019/j.jqsrt.2019.XX.XXX; see Appendix A for details. In what follows, we will 

reference them with a „S‟ preceding the table or figure number. Finally, we summarize our 

work in Sec. 6. 

 

 

2. Definitions for scattering geometries and polarization quantities 

Consider the atmosphere-ocean system in Fig. 1 (also provided as Fig. S1 in supplementary 

material). that is illuminated by the Sun in the direction of k0, and that is scattering light 

towards a viewer in the direction of k. In what follows, we will use subscript „0‟ to denote 

direct sunlight quantities. To quantify directions k0 and k, we use a right-handed Carthesian 

coordinate system whose positive z-axis points towards the upward direction in the 

atmosphere and whose positive x-axis aligns along the shadow of the z-axis. The direction k0 

can then be quantified by the pair of angles (ϑ0,θ0), where ϑ0 is the polar zenith angle (i.e. 

angle between k0 and the positive z-axis) and θ0 is the polar azimuth angle (i.e. angle between 

the positive x-axis and the projection of k0 upon the xy plane, measured clockwise when 

looking upwards). Similarly, k can be quantified by the pair of polar angles (ϑ,θ) defined in 

the same manner as (ϑ0,θ0) except for considering the direction and projection of k. Note that 

θ0 = 0º because of the convention chosen in this study for the x-axis. Furthermore, to simplify 

future notation we define θ0 ≡ π–ϑ0. 

 The intensity and state of polarization of a beam of light traveling in the direction of k. 

can be described by the (4×1) Stokes vector I given by 
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which has as its components Stokes parameters I, Q, U, and V. Stokes parameter I describes 

the intensity of a quasi-monochromatic beam of light travelling in one direction. Part of this 

beam of light can be linearly polarized, the properties of which are described by Stokes 

parameters Q and U. The fraction of light that is linearly polarized (referred to in this work as 

the degree of linear polarization, or DLP) is given by 

 

         
√     

 
  . (2) 

 

Modern polarimetric remote sensing instruments can measure DLP with accuracies between 

0.2 and 0.5% [22,23,24,25]; hence, one of the (threshold) objectives of this work is to at least 

match the 0.2% measurement accuracy with numerical computations for light that is multiply 

scattered in atmosphere-ocean systems. Our target for these computations is to obtain 

numerical accuracies for DLP that are better than 0.1%. We will report numerical results for 

Stokes parameters I, Q, U, as a function of θ0, ϑ, and θ for various atmosphere-ocean systems. 

Another part of light can be circularly polarized which is described by Stokes parameter V. 

The corresponding fraction of light that is circularly polarized is given by |V|/I. While we 

include V in our computations, we do not report results for this Stokes parameter because it 

very small and routinely ignored in airborne and spaceborne polarization measurements. 

We refer to Hovenier and van der Mee [55] for a more detailed discussion on the 

definition and properties of Stokes parameters I, Q, U and V.  Here, we remark on a few 

specific choices made in the present work. The value and sign of Stokes parameter Q (and U) 

depends on (i) the reference plane M chosen to define parallel and perpendicular directions, 

and (ii) the convention chosen to denote parallel or perpendicular. For example, the value of 

Q describes the part of light that is linearly polarized either along or perpendicular to plane M, 

whereas the sign of Q is used to indicate parallel or perpendicular. In this work, we use the 

meridian plane (i.e. the vertical plane containing the beam of light – see Fig. 1) for the 

reference plane M, and use the positive sign of Q to define parallel to plane M. Note that our 

sign convention is the same as used by van de Hulst [56], but that it differs from the one 

chosen by Coulson et al. [34] and Natraj et al. [36]. However, the degree of linear 

polarization DLP in Eq. (2) does not depend on the choices made for plane M and for the sign 

conventions [1].  

 

 

3. Atmosphere-ocean system properties 

Our RT simulation studies are performed for four AOS models that are numbered in 

increasing order to denote increasing complexity in their components and/or RT computations 

(Table 1). The setup is designed to start with two simple models that allow for consideration 

                  



of radiation that has been scattered between the ocean surface and a molecular atmosphere 

(AOS-I model), and between the ocean surface and a molecular ocean body (AOS-II model). 

Note that results presented for AOS-I model can be compared with the tabulated results 

provided by Natraj et al. [36] for isolated molecular atmospheres if the molecular optical 

thickness ηmol is set to 0.5. We will refer to AOS-I* model for these particular results. The 

results for AOS-III model allow for consideration of radiation that has interacted with all three 

model components. This is followed by AOS-IV model where hydrosols have been added to 

the ocean of AOS-III model.  

The constituents of the ocean component (if present) and of the atmosphere 

component (if present) are vertically homogeneous. The specification for AOS-IV model 

resembles cases of real atmosphere-ocean systems, but even this model oversimplifies oceanic 

(e.g., no vertical distribution and no bottom) and atmospheric scattering properties (e.g., no 

vertical distribution and no aerosols). We will alert the reader whenever we adopt such 

simplifications. 

Four wavelengths λ are considered for the RT simulation studies of each AOS model: 

λ = 350 nm, 450 nm, 550 nm, and 650 nm. The open ocean is brightest for the former two 

wavelengths when containing least amount of plankton particles (which absorb strongly at 

443 nm), and brightest for the latter two wavelengths when containing a lot of plankton 

particles. Mineral particles can brighten the ocean even more for the latter two wavelengths, 

but such particles are not included in our AOS models. In addition to these 4 wavelengths, we 

consider the case of ηmol = 0.5 for AOS-I* model (see discussion above) which corresponds to 

λ ≈ 370 nm. The following subsections specify the spectral radiative properties for the 

components of our AOS models. 

 

3.1. Ocean body properties 

To perform RT computations for the underwater light in AOS models AOS-II to AOS-IV, one 

has to specify three quantities for their homogeneous ocean body components:  

 

(i) the scattering matrix Fblk for the bulk ocean body volume element (Sec. 3.1.1);  

(ii) the single scattering albedo ωblk for the bulk ocean body volume element (Sec. 

3.1.2);  

(iii) the ocean extinction optical thickness ηblk for the ocean body layer (Sec. 3.1.3). 

 

3.1.1 Scattering matrix Fblk 

The bulk ocean body scattering matrix Fblk can be written as 

  

          (   )  
  ( )  ( )   ( )  ( )

  ( )   ( )
 (3) 

  

where Θ is the scattering angle, bw(λ) and Fw(Θ) are the scattering coefficient and scattering 

matrix for pure seawater, and bp(λ) and Fp(Θ) are the scattering coefficient and scattering 

matrix for marine particles, respectively. The spectral values for bw(λ) vary also with the 

                  



temperature and salinity of seawater (see e.g. [57,58] and references therein), but for 

simplicity we choose for our simple RT case computations the tabulated variation with λ 

given in Smith and Baker [59] (see Table 2). Scattering matrix Fw(Θ) can be modeled using 

Rayleigh scattering with a depolarization factor δw for pure water. The value commonly used 

for δw ranges from 0.039 [60,61,62], to 0.051 [57,63], to 0.09 [64,65]. For the sake of 

simplicity, we choose δw = 0 for our simple RT case computations.  The values for bp(λ) and 

Fp(Θ) depend on the composition of hydrosols particles.  The International Ocean Colour 

Coordinating Group (IOCCG) report #5 (http://www.ioccg.org/reports/report5.pdf, hereafter 

referred to as IOCCG5) identifies two types of hydrosol particles, phytoplankton and non-

algae (detritus and minerals) denoted by subscripts „ph‟ and „dm‟ , whose contributions to 

bp(λ) and Fp(Θ) can be written as 

 

   ( )     ( )     ( ) (4) 

 

and 

 

   ( )  
   ( )   ( )    ( )   ( )

   ( )    ( )
. (5) 

 

In IOCCG5 the average spectra of bph(λ) and bdm(λ) change with the Chlorophyll a 

concentration [Chl]. However, these spectra are allowed to fluctuate for any given [Chl] by up 

to an order of magnitude. Furthermore, IOCCG5 prescribes only the (1,1) elements of 

matrices Fph(Θ) and Fdm(Θ).  

As an alternative, we choose for our RT test case computations the scattering 

coefficients and matrices for detritus-plankton (D-P) mixtures given by Chowdhary et al. 

[54,66]. Their approach uses the bio-optical model developed by Morel and Maritorena [67] 

for open ocean waters to constrain the particulate coefficients and scattering function, i.e. 

 

   ( )        ,   -
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where k is made to vary with [Chl], and 

 

  ̃      ∫
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where pb,

~
b  is the particulate backscattering ratio. Note that Eq. (5) assumes scattering matrix 

Fp(Θ) to be spectrally invariant which is consistent with data analysis findings reported by 

Whitmire et al. [68] and Huot et al. [69], although exceptions have been observed [70,71]. 

The factor of (4π)
–1

 appears here because we follow Hansen and Travis [1] when normalizing 

Fp(Θ), i.e. 

 

 ∫
  ( )

  
   

 

  
   (8) 

 

                  



where dΩ is an infinitesimal element of a sold angle. To obtain Fp(Θ), Chowdhary et al. [66] 

first write 

 

   ( )  
*     +      ( )          ( )

*     +          
 (9) 

 

where ζph and ζdm are the scattering cross sections of phytoplankton and detritus (non-algae) 

particles, Fph(Θ) and Fdm(Θ) are the corresponding scattering matrices, and fdm is the fraction 

of total number of particles that is detritus. Phytoplankton and detritus class values for 

{ζph,Fph(Θ)} and {ζdm,Fdm(Θ)} are then obtained from Mie computations that (i) use realistic 

hydrosol refractive indices and size distributions for each class, and (ii) are constrained by the 

linear polarization for pure seawater. This leads to many viable solutions (denoted as 

“members”) for each class. Note that variations of Fp(Θ) with particle inhomogeneity 

[72,73,74] and with particle morphology [75,76,77] are ignored in these computations. 

Finally, a member of the phytoplankton class is mixed with a member of the detritus class 

(creating a so-called D-P mixture) such that Eq. (7) is satisfied. Note that the particle mixing 

fraction fdm in Eq. (9) varies with [Chl], and is also unique for each D-P mixture. Table 2 

provides the scattering coefficients from Eq. (6). Table 3 provides the particle properties of 

the phytoplankton and detritus members chosen for our simple RT case computations, and the 

corresponding cross sections (assuming λ = 550 nm for all cases) and mixture values that are 

used to mix their matrices in Eq. (9). A small [Chl] value is chosen for the two shortest 

wavelengths, and a large [Chl] value for the two longest wavelengths, to maximize the water-

leaving radiance at all wavelengths.  We reiterate that the class members in Table 3 represent 

simplified, extreme models of phytoplankton and detritus particles chosen so that their 

mixtures can reproduce a very broad range of bulk ocean particulate backscattering ratios 

from 0.0027 to 0.044 [66] while preserving realistic polarized water-leaving radiances [54]. 

The corresponding non-zero scattering matrix elements for Fp(Θ) (divided by 4π as in Eq. (8)) 

are provided in Table S1a and Table S1b (see supplementary material) for small and large 

[Chl] values, respectively. The asymmetry parameter (as defined for Table 2 in Chowdhary et 

al. [54]) for the phase functions of these matrices is 0.95 and 0.97, respectively 

 

3.1.2 Single scattering albedo ωblk 

The bulk ocean body scattering albedo ωblk can be written as  

 

          ( )  
  ( )   ( )

  ( )   ( )     ( )
 (10) 

 

where ablk(λ)  is the bulk ocean absorption coefficient. The ocean body for AOS models AOS-

II and AOS-III consists of pure seawater; hence for these models bp(λ) = 0, and ablk(λ) 

becomes the absorption coefficient aw(λ) for pure seawater: 

 

     ( )    ( ) . (11a) 

 

                  



Values for aw(λ) can be found in the literature [78,79] (reproduced in Table 2). Note that 

these values ignore variations with salinity and with temperature [80,81,82]. The ocean body 

for AOS model AOS-IV includes particulate and dissolved matter; hence for these studies we 

use Eq. (6) for bp(λ) and 

 

     ( )    ( )    ( )    ( ) . (11b) 

 

In Eq. (11b), ap(λ) and ay(λ) are the absorption coefficients for marine particles and colored 

dissolved organic matter (“yellow substance”), respectively. The IOCCG5 decomposes ap(λ) 

into aph(λ) and adm(λ) for phytoplankton and non-algal particles, respectively, and provides 

average spectra for aph(λ), adm(λ), and  ay(λ) as a function of [Chl]. However, these spectra are 

allowed to fluctuate for any given [Chl] by up to several factors. Furthermore, they only 

provide aph(λ) values for wavelengths larger than 400 nm, although these values are currently 

extended to include UV wavelengths [49]. As a simple alternative, we use the bulk ocean 

absorption coefficients ablk(λ) for the D-P mixtures given by Chowdhary [54] (reproduced in 

Table 2). Their ablk(λ) spectra are computed from the bulk ocean downward irradiance 

attenuation coefficient Kblk that are provided by Morel and Maritorena [67] as a function of 

[Chl] and for wavelengths between 350-700 nm. Morel et al. [83] used a larger set of 

measurements to update their Kblk values; however, these updated values are not publically 

available and are therefore not shown in Table 2. We use the same small [Chl] value for the 

two shortest wavelengths, and the same large [Chl] value for the two longest wavelengths, as 

for the Fp(Θ) discussed in Sec. 3.1.1.  

 

3.1.3 Extinction optical thickness ηblk 

If the bulk ocean body is homogeneous, then its extinction optical thickness ηblk can be 

written as  

          ( )  {    ( )    ( )    ( )}     (12) 

 

where Δz is the physical thickness of the ocean body. For simplicity, we choose Δz = 100 m 

for all our RT study cases. The corresponding values for ηblk are given in Table 2. The bottom 

below this ocean body is assumed black. 

 

3.2. Ocean surface properties 

We use the wind-ruffled, surface slope probability distribution p(μn,θn) given by Cox and 

Munk [84]. Here μn ≡ cos(θn), and (θn,θn) denotes the pair of polar zenith and azimuth angle 

(see Sec. 2 for polar angle definitions) of the surface slope normal. For simplicity, we choose 

for our RT simulation studies the isotropic (wind-direction independent) version of p(μn,θn), 

i.e. 

 

  (     )  
 

     
     . 

    
 

    
 / (13) 

                  



 

where  

 

                    (14) 

 

relates the surface slope variance χ
2
 to the windspeed W (m/s) at 12.5 meters above the ocean 

surface. We choose χ
2
 = 0.03884 (see Table 4) which corresponds to W ≈ 7 m/s. This ocean 

surface model ignores the impact on skylight reflection of wind-directional surface 

roughnesses [85]. We further ignore shadowing and multiple surface facet scattering effects 

[86,87,88], do not include surface foam [89,90,91,92,93], and do not modify the surface 

reflection and transmission to force conservation of energy [94]. The corresponding reflection 

and transmission matrices for the ocean surface are computed using the geometrical optics 

approach. The ocean surface refractive index mw for these computations is 1.34 for all 

wavelengths, i.e. we also ignore the variation of mw with wavelength, salinity, and 

temperature ([61] and references therein).  

 

3.3. Atmosphere properties 

To perform RT computations for the skylight light in AOS models AOS-I, AOS-I* and AOS-

III to AOS-IV, one has to specify three quantities for their homogeneous atmospheres:  

 

(i) the scattering matrix Fatm for the atmosphere volume element (Sec. 3.3.1);  

(ii) the single scattering albedo ωatm for the atmosphere volume element (Sec. 3.3.2);  

(iii) the extinction optical thickness ηatm for atmosphere layer (Sec. 3.3.3);  

 

3.3.1 Scattering matrix Fatm  

The atmosphere in AOS models AOS-I, AOS-I*, AOS-III and AOS-IV contains only 

molecules, which means that  

 

          ( )      ( ) (15) 

 

where Fmol is the scattering matrix for molecules. Scattering matrix Fmol can be modeled using 

Rayleigh scattering with a depolarization factor δm for atmospheric gases [1]. Note that δm 

varies with the composition of gases and with wavelength [95], but we will assume δm=0 for 

all our RT case computations.   

 

3.3.2 Single scattering albedo ωatm  

The spectrum of ωatm(λ) will depend on the presence and amount of absorbing matter 

in the atmosphere. For the molecular atmospheres of AOS models AOS-I, AOS-I*, AOS-III 

and AOS-IV, ωatm(λ) will therefore vary with gases in the atmosphere that absorb between 350 

and 650 nm such as water vapor H2O, nitrogen dioxide NO2 and ozone O3 [96,97]. For our 

                  



RT test case computations we ignore the presence of such gases, i.e. the molecular single 

scattering albedo ωmol (λ) for these computations is set to 1. That implies that there are no 

absorbing constituents in the atmosphere component of our AOS models; hence,  

 

          ( )      ( )    (16) 

 

for all our AOS models (see Table 5a,b). 

 

3.3.3 Extinction optical thickness ηatm  

The extinction optical thickness ηatm for the molecular atmospheres of AOS models 

AOS-I, AOS-I*, AOS-III and AOS-IV is identical to the molecular extinction optical thickness 

ηmol (λ) for these atmospheres: 

 )λ(τ)λ(ττ molatmatm  . (17) 

For ηmol (λ), we follow Bodhaine et al. [95] who provide tabulated values of ηmol (λ) between 

250 and 1000 nm. An exception is made for AOS-I*, where we set ηmol = 0.5. The results for 

ηmol (λ) are shown in Table 5a for AOS-I to AOS-IV, and in Table 5b for AOS-I*. 

 

 

4. Radiative transfer codes 

The following sections provide summaries for the RT codes used in this study. The first three 

RT codes (eGAP, MarCH-AD, and SOS-CAOS) provide deterministic numerical solutions for 

the vector radiative transfer equation, and are used to compute (eGAP) and validate (MarCH-

AD and SOS-CAOS) our tabulated reflectance values. The fourth RT code (SMART-G) is used 

to illustrate comparisons with probabilistic solutions for the vector radiative transfer equation. 

References are provided for detailed information on the RT methods, and brief descriptions 

are given for AOS configurations, unique RT features, and validation efforts. Table 6 

summarizes current RT simulation options and computations for each RT code.    

 

4.1 NASA/GISS RT code: eGAP  

The extended General Adding Program (eGAP) RT code used at NASA/GISS for 

atmosphere-ocean systems is based on the doubling/adding method that is described by de 

Haan et al. [38] for polarized light scattered by isolated atmospheres, and that was extended 

by Chowdhary [94] to include polarized light scattering in ocean systems (see also [66]). It 

provides parameters I, Q, U and V of Stokes vector I for the up- and down-welling light at any 

level in an atmosphere that is illuminated from above by the Sun and bounded from below by 

an ocean system. The user-provided accuracy ε for solving the adding equations [38] is set to 

10
–7

 for the present study. The code-embedded accuracy for numerically expanding the ocean 

surface matrices in Fourier series is better than 10
–6

 (this estimation is based on increasing the 

number of Gaussian quadrature points for the azimuthal integration). 

                  



The AOS is assumed plane-parallel and horizontally homogenous. Inelastic (e.g. 

Raman) scattering processes are ignored in eGAP computations. The atmosphere is divided 

into layers of aerosol/cloud particles and/or molecules. The scattering properties of particles, 

which may be nonsperical [98,99], are provided by the user for each separate layer. The ocean 

component consists of a wind-ruffled ocean surface [84], an ocean body (optional), and an 

ocean bottom (optional). The ocean body is divided into separate layers as well and contains 

water, marine particle matter, and marine dissolved matter. The scattering and absorption 

properties of marine matter for each layer, which may come from measurements (e.g., 

[100,101,102]), are provided by the user. The ocean bottom is assumed Lambertian with a 

user-specified albedo. 

Special RT features include the possibility to decompose computations for Stokes 

vector I into scattering contributions of light that has interacted with  

 

(1a) only the atmosphere component; 

(1b) both the atmosphere and ocean surface components;  

(1c) only the ocean surface component (i.e. the sunglint);  

(1d) both the ocean surface and ocean body components;  

(1e) all three AOS components (atmosphere, ocean surface and ocean body).  

 

Other user-provided options for RT computations include  

 

(2) perform scalar RT (i.e. ignore Q, U, and V) or 3×3 RT (i.e. ignore V) computations;  

(3) include wave shadowing, foam, and/or wind-directionality for rough ocean surface; 

(4) account for energy impacted by wave shadowing and/or multiple wave scattering;  

(5) specify number of quadrature points separately for aerosol and hydrosol scattering; 

(6) specify the desired accuracy ε of RT computations. 

 

Finally, eGAP provides exact (i.e. not interpolated or average) RT results for any pre-

specified viewing geometry using the supermatrix formalism described in de Haan et al. [38].   

The computations performed by eGAP for AOS models were validated internally by 

(i) verifying (within 1×10
–6

) conservation of energy for a conservatively scattering system; 

(ii) verifying (for 12 digits) matrix symmetry relationships for reflection by vertically 

inhomogeneous systems [103]; and (iii) verifying (for 12 digits) the computation of ocean 

surface reflection and transmission properties using 2 different methods (the geometric optics 

approach [104] and the Kirchhoff approximation [26]. External validations consisted of 

verifying (for ≥4 digits) our RT results with those computed by other RT codes for (iv) 

isolated atmospheres [38,105]; (v) an atmosphere above a rough ocean surface [43]; (vi) a 

rough ocean surface above a molecular ocean [42]; and (v) a molecular atmosphere above a 

rough ocean surface with a molecular ocean body [45]. 

 

4.2 NASA/JPL RT codes: MarCh-AD 

The hybrid Markov-Chain-Adding-Doubling (MarCh-AD) code was developed by Xu et al. 

[106] to compute polarized RT in a coupled atmosphere-ocean system. Two different RT 

                  



methods are integrated in one computational scheme to enhance the computational efficiency: 

the Markov chain (MarCh) method for optically inhomogeneous atmosphere system and the 

doubling method for homogeneous ocean system. The MarCh method can apply to the ocean 

system as well when its vertical profile need to be accounted. The RT fields from the 

atmosphere and ocean systems as well as the reflected/transmitted light fields across the rough 

ocean/atmosphere interface are coupled by use of a revised “adding” strategy [106]. As one of 

the major algorithm components, the MarCh method was first developed by Esposito and 

House [107] to compute scalar (intensity only) radiative transfer in a plane-parallel 

atmosphere and then vectorized to calculate the full Stokes vector components (including I, Q, 

U, and V] for an atmosphere overlying a depolarizing or a partially polarizing surface 

[108,109]. It is featured by matrix algebra, which helps gain efficiency in computing RT in a 

vertically inhomogeneous medium [110] and lends the code readily to implementation on a 

graphics processing unit (GPU) for future high-speed computations. As a recent development, 

the MarCh-AD code was coupled into an optimization scheme for a simultaneous retrieval of 

aerosol and water properties [106].  

To use the MarCh-AD code in a coupled atmosphere-ocean system (CAOS), the 

optical depth and scattering/absorption properties of atmospheric and oceanic constituents 

including aerosols, air molecules, absorbing gas, hydrosol particles, CDOM, and pure 

seawater need to be input (cf. Secs. 3.1 and 3.3 for details). In addition, the wind speed is 

input to calculate the reflection and transmission of light across an ocean surface based on 

Cox-Munk model [42,84]. Depending on the desired accuracy, several options are provided 

and need to be specified in the configuration file. They include a) RT run in scalar or vector 

modes; b) use of full or 3 by 3 approximate scattering matrix for polarized single scattering by 

atmospheric and oceanic constituents; c) number of streams and Fourier terms; and d) 

inclusion or exclusion of shadowing effect [86,111] and wind direction.  

Numerical validation of MarCh-AD code for a CAOS system includes (i) energy 

conservation test for a conservatively scattering system; (ii) verification of matrix symmetry 

relationships for the polarized reflected light from a plane-parallel medium [103]; and (iii) 

comparison with the SOS-CAOS solutions for several cases of a Rayleigh atmosphere 

covering an ocean with a Chlorophyll a concentration of 0.3 mg/m
3
 and a set of sea-surface 

wind speeds [42]. The relative difference in reflectance computed by the two codes is less 

than ~0.2% for most scattering geometries, and the absolute difference in degree of linear 

polarization is less than ~0.002.  

 

4.3 UMBC RT code: SOS-CAOS  

The Successive Order of Scattering method for Coupled Atmosphere-Ocean System (SOS-

CAOS) was developed by Zhai et al. [42,112].  In this method, the total radiance field is 

decomposed into contributions from different order of scattering.  The single scattering 

contribution is obtained analytically and the radiance field of each higher order of scattering 

can be evaluated from the radiance field of one less order of scattering.  This process is 

repeated iteratively until the higher order of scattering contribution is negligible. Sensitivity 

study shows that a total number of scattering order 40 provides sufficient accuracy for most 

practical applications [42]. The scattering medium in the atmosphere and ocean are assumed 

to be plane-parallel and macroscopically mirror-symmetric, i.e., the scattering matrices are 

block-diagonal. For phase functions with elongated forward scattering peak, the Delta-m 

                  



[113] or Delta-fit [114] methods are used to truncate the phase function while keeping the 

reduced scattering matrix unchanged [112].  To reduce the error introduced in the truncation 

schemes, the single scattering solution for the AOS uses the un-truncated original phase 

function [115]. 

The ocean surface can be either flat or rough, in the latter case the isotropic Cox-Munk 

wave slope distribution is used to calculate the reflection and transmission matrices of the air-

sea interface [42,84].  Surface shadowing effect can be taken into account with the shadowing 

function [86,111]. All four Stokes parameters I, Q, U, V are computed at arbitrary vertical 

levels, in either the atmosphere or ocean.  The parameters I, Q, U, V at arbitrary viewing 

angles are obtained from the iteration of source matrix methods [116,117].  In addition to 

using an AOS model, the SOS-CAOS RT code can be easily configured to numerically solve 

the vector radiative transfer equation for atmosphere – surface system with the surface 

reflection specified by the surface reflection models [118,119].  In addition to the elastic 

scattering, the SOS-CAOS code also solves the polarized radiation field due to the inelastic 

Raman scattering [120,121] and fluorescence [122] for ocean waters. 

The validation of the SOS-CAOS RT code has been performed against available 

benchmark data for atmosphere-surface system [34,40]. For the AOS with a flat ocean, the 

code is compared with the Monte Carlo solution [123].  For the AOS with rough ocean 

surface, the Stokes parameters are compared with the eGAP solution [66].  All the 

comparisons have achieved relative differences around the order of 0.1% for radiance.  The 

differences for the polarized ratio Q/I, U/I, and V/I are smaller than 10
-4

 for all the cases 

considered. Moreover, the code has gone through various self-consistence tests including 

energy conservation, single scattering limit solution, and asymptotic behavior.  

 

4.4 HYGEOS RT code: SMART-G  

SMART-G (Speed-up Monte-Carlo Advanced Radiative Transfer code with GPU) is a 

radiative transfer solver for the coupled ocean-atmosphere system with a wavy interface 

(Ramon et al., [124]). It is based on the Monte-Carlo technique, works in either plane-parallel 

or spherical-shell geometry, and accounts for polarization. The vector code is written in 

CUDA (Compute Unified Device Architecture) and runs on GPUs (Graphic Processing 

Units). Physical processes included in the current version of the code are the elastic scattering, 

absorption, reflection, and refraction. The atmosphere and ocean are considered as 1-

dimensional stratified media with layers characterized by gaseous optical depth and single 

scattering albedo (case of atmosphere), Rayleigh phase matrix, and particle (aerosol, hydrosol, 

and/or cloud droplet/crystal) optical depth, single scattering albedo, and phase matrix. The 

ocean can be infinitely deep or bounded by a Lambertian reflective bottom at finite depth. 

The wavy interface can be modelled in two ways: (i) as a purely reflecting interface 

whose BRDF is obtained by the combination of the isotropic wave slope distribution [84] and 

the Fresnel reflection matrix. In that case the direction of the reflected photons is sampled 

according to a Lambertian law and the photon statistical weight is multiplied by the BRDF 

[125], and (ii) by sampling the wave slope and azimuth according to a distribution law based 

on Cox & Munk isotropic wave slope distribution but now depending on the photon incident 

zenith angle [126]. This procedure results in some slopes hiding [127]. Then Fresnel 

                  



reflection (resp. transmission) is applied to the reflected (resp. transmitted) photon Stokes 

vector. In both cases the light intensity is eventually modulated by a wave shadowing function 

[128]. The wave direction sampling method (ii) allows for multiple reflection at the air sea 

interface. In the AOS comparison exercise, the BRDF method (i) has been used for 

consistency with other codes. 

The radiances at any level of the domain can be estimated using the local estimate 

variance reduction method [129]. Benchmark values are accurately reproduced for clear [37] 

and cloudy [40] atmospheres over a wavy reflecting surface and a black ocean [46]. For pure 

Rayleigh atmospheres as in AOS comparisons, the agreement is better than 10
-5 

in intensity 

and 0.1% in degree of polarization [124]. In the pure cloud case the convergence of the code 

is slowed down with the local estimate method. This is due to the presence of highly peaked 

phase functions, as described in Buras and Mayer [130]. These authors proposed variance 

reduction techniques to mitigate the problem. Such techniques are not yet implemented in the 

code. 

The main advantage of the SMART-G code is the possibility to introduce easily 

increasing complexity in the system, like for example wave heights, horizontal 

inohomogeneities of the albedo like adjacency effects, or 3-dimensional variations of the 

oceanic/atmospheric optical properties. Its traditional drawbacks, the speed and Monte Carlo 

noise is counterbalanced by the use of massive parrallelization on GPU, which for a given 

machine typically speeds up by two orders of magnitude the computation time compared with 

a sequential algorithm running on CPUs. 

 

 

5. Radiative transfer computations and discussion 

5.1 Viewing geometries and altitudes 

To include and exclude sunglint contaminations in our RT computations for AOS-I to AOS-IV 

models, we consider 2 Sun angles θ0 (i.e., θ0 = 30°, 60°), 13 equidistant viewing zenith angles 

ϑ covering the range between 0°‒60° (i.e., ϑ = 0°,  5°, …, 55°, 60°), and 2 full azimuth planes 

at 0° and 60° from the principal plane (i.e., θ = 0° & 180°, and 60° & 240°). Note that θ = 0° 

and 180° correspond to viewing the sunglint and backscattering direction, respectively (see 

Fig. 1). These azimuth angles provide good test cases for validating AOS-II model 

computations of the polarization maximum and minima, respectively, seen in previous 

computations for water-leaving radiance [66]. Computations for viewing azimuth angles θ = 

60° and 240° provide additional good test cases for validating AOS-I, AOS-III and AOS-IV 

model computations of large and small polarization values, respectively, seen in previous 

results for airborne upwelling radiance outside the sunglint [52,53,54]. In total, 100 different 

scattering geometries are considered for each of these AOS models at a given wavelength and 

altitude. From Sec. 3, we recall that four wavelengths are considered for each AOS model. In 

addition, we consider two altitudes for each AOS model: just above the surface (SRF) to 

simulate ship-based measurements, and at the top of the atmosphere (TOA) to simulate space-

borne measurements. Note AOS-I model has no atmosphere; hence, the SRF and TOA results 

are the same for this model. In summary, we use 800 different view/altitude/wavelength 

                  



combinations in our computations for each Stokes parameter and for each AOS-I, AOS-II 

AOS-II and AOS-IV model. 

For AOS-I* model we perform another set of computations, i.e. for (i) a different set of 

Sun angles (μ0 ≡ | cos θ0 | = 0.6) and viewing angles (μ ≡ | cos ϑ |  = 0.02, 0.10, 0.16, 0.20, 

0.28, 0.32, 0.40, 0.52, 0.64, 0.72, 0.84, 0.92, 1.00); and (ii) only TOA observations. These 

conditions are identical those used by Natraj et al. [36] for benchmark computations of Stokes 

parameters I, Q, and U for the radiance reflected by an isolated molecular atmosphere. Hence, 

the radiative impact of adding an ocean surface to a molecular atmosphere can be studied by 

comparing our results for AOS-I* model with those provided by Natraj et al. [36]. The latter 

results are recomputed and provided as well in this work for the reader‟s convenience.  

 

5.2 Accuracy considerations 

5.2.1 Deterministic RT results  

The number Natm of Gaussian quadrature points used for the numerical computations 

of skylight (i.e., for radiative transfer of upward or downward light in the atmosphere, if 

present) is set to 30. This number is more than sufficient to account for molecular scattering in 

the atmosphere (i.e., increasing Natm does not affect the results for AOS-I). The number Nsea of 

Gaussian quadrature points used for numerical computations of underwater light (i.e., for 

radiative transfer of upward or downward light within the ocean, if present) is decoupled from 

Natm in the eGAP RT model (Sec. 4.1). That is, the light propagation directions represented by 

the Nsea Gaussian points do not coincide with the Natm directions of skylight refracted by the 

ocean surface. Hence the number Nsea of Gaussian quadrature points required to obtain 

convergence for the computation of water-leaving radiance will now depend on (i) the bulk 

ocean body scattering matrix Fblk in Eq. (3), and (ii) the ocean surface slope probability 

distribution p(μn,θn) in Eq. (13). For AOS models AOS-II and AOS-III where Fblk is equal to 

scattering matrix Fw(Θ) for pure seawater, convergence in numerical results is driven by p(μn, 

θn). Here, Nsea is set to 80 to obtain convergence for the water-leaving radiance within 1×10
–6

. 

For AOS model AOS-IV, Fblk contains the sharp diffraction peak of particulate scattering 

matrix Fp(Θ) (see Tables S1a,b in supplementary material) which leads to an asymmetry 

parameter of 0.95 for [Chl] = 0.03 mg/m
3
 and 0.97 for [Chl] = 3.00 mg/m

3
 for the 

corresponding phase function [54].This in turn requires higher values of Nsea to obtain 

numerical convergence. Brute force scalar radiative transfer computations with the eGAP RT 

model (Sec. 4.1) show that the water-leaving radiance converges within 1×10
–6

 if Nsea 

approaches 900. Such computations require excessive computer memory allocation and 

become prohibitively time consuming when including polarization. These computational 

burdens can be alleviated by reducing Nsea and carefully renormalizing Fp(Θ) to properly 

constrain the resulting energy loss while keeping the decrease in accuracy at a minimum. The 

eGAP RT code (Sec. 4.1) normalizes Fourier expansion components of Fp(Θ) for the forward 

and backward scattering zenith directions [94], whereas the MarCh-AD RT code (Sec. 4.2) 

and SOS-CAOS RT code (Sec. 4.3) use the Delta truncation methods [113,131] to modify the 

diffraction peak of Fp(Θ). Scalar RT computations show that these approaches allow the 

corresponding water-leaving radiance to be computed within an accuracy of  1×10
–5

 if Nsea is 

                  



set to 300. In what follows, we adopt this value of Nsea and renormalize Fp(Θ) in all our RT 

computations for AOS model AOS-IV. 

 

5.2.2 Probabilistic RT results  

The general form of the estimator for the Stokes vector I at level z in the local estimate 

direction is given by the sum of the different contributions  ⃗ 
   of each photon n, after each 

interaction l< l
max

 (that can be scattering, transmission, and reflection at the surface or at the 

sea floor) : 

 

                                                     
 

  
∑ ∑   

     ( )
   

  
    ⃗ 

                                     (18) 

 

where Np is the total number of photons launched in the simulation, l
max

 is the total number of 

interaction of each photon, and   
  is the statistical weight of each photon just before 

interaction l. Those weights are computed for correcting the biases introduced in the various 

random samplings. They are close to 1 in case of optimal sampling, like the wave slope 

sampling, but could depart significantly from unity in the case of the BRDF method described 

in Sec.  4.4.    ⃗ 
   estimates depend on the probabilities of a particular interaction at a given 

place in a given direction. Apart from Np, for which we have a total control, the relative 

variance of the Stokes vector is thus mainly dependent on the variance of the weights and the 

relative variance of the  ⃗ 
  contributions, which themselves depend on the viewing geometry 

and level z. For example the contribution from photons reflected at the surface has an 

increasing relative variance with increasing viewing angles as the range of BRDF values 

experienced by all incident photons is getting larger. In a pure Rayleigh atmosphere, the 

scattering contributions exhibit a low relative variance because of the smoothness of the 

Rayleigh phase function. Thus the ratio of atmospheric to surface contribution influences the 

relative variance of the estimates, and we expect lower relative standard deviations for 

estimates at the TOA than for estimates at SRF. Error bars given hereafter for SMART-G 

correspond to the estimation of the absolute standard deviations of the Stokes parameters 

computed from Eq. (18), with Np=3.10
11

. 

 

5.3 Testbed results 

Table S2 in the supplementary material shows for the observations specified in Sec 5.1 the 

normalized upwelling intensity quantities RI,comp, RQ,Vector, RU,Vector computed by eGAP for 

AOS model  AOS-I.  In what follows, subscript „comp‟ stands for „Scalar‟ or „Vector‟ to 

denote results obtained from scalar (i.e., excluding all polarization) or full vector (i.e., 

including linear and circular polarization) computation, respectively. The normalization used 

for these radiance quantities leads to reflectance quantities, i.e. 
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where S0 is the TOA extraterrestrial solar flux and μ0 = | cos θ0 |. For simplicity, we set S0 = π. 

Tables S3, S4, and S5 show the same reflectance quantities for AOS models AOS-II, AOS-III, 

and AOS-IV, respectively. Following the discussion on numerical accuracy in Sec. 5.2, the 

expected accuracy for the results reported in Tables S2 to S4 is 10
–6

 while for Table S5 it is 

10
–5

. 

The top row of Table S6 provides the same TOA reflectance quantities as in Table S2 

except for (i) multiplying these quantities by μ0 (i.e. showing Stokes parameters for an 

extraterrestrial solar flux of π), and (ii) using AOS model AOS-I* (i.e. using the same viewing 

geometries and molecular optical as in [36]. Furthermore, like Natraj et al. [36] we do not 

perform scalar computations for AOS-I* model. The corresponding expected accuracy for all 

results in this table is 10
–6

. The bottom row of Table S6 show the same Stokes parameters as 

the top row except for ignoring the ocean surface in the RT computations for AOS-I*. The 

latter row shows therefore the same quantities as Natraj et al. [36] except that our difference 

in sign convention for Stokes parameter Q causes our Q values to have the opposite sign (see 

discussion in Sec. 2). We remark further that, apart from this difference in sign, all our results 

in the bottom row agree within ≤10
–6

 of those reported by Natraj et al. [36] which is 

consistent with our value for the adding/doubling accuracy ε (Sec. 4.1) and for Natm.  

 

5.4 Spread in results obtained from different RT codes  

 

5.4.1 AOS-I model  

The diagrams in Figs. S2a–S2l (first and third row) that are provided in the 

supplementary material show for AOS model AOS-I the absolute differences dabs(RI,Vector), 

dabs(RQ,Vector), and dabs(RU,Vector) for the computation of reflectance RI,Vector, RQ,Vector, and 

RU,Vector, respectively, when using the MarCh-AD, SOS-CAOS and SMART-G RT codes 

described in Secs. 4.2 to 4.4. These differences are obtained as follows:  
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where on the right-hand side the first term (i.e., R
Model

) are the reflectance values computed 

from one of the RT codes described in Secs. 4.2–4.4 and the second term (i.e., R
Table

) are the 

reflectance values reported in Table S2. Note that the left-hand ordinate (vertical) axes in 

                  



Figs. S2a–S2l (first and third row) denote the differences for the MarCh-AD and SOS-CAOS 

results, whereas the right-hand ordinate axes (which are an order of magnitude larger) denote 

the differences for the SMART-G results. We further remark that the reflectance results from 

MarCh-AD and SOS-CAOS RT computations are obtained down to 10
–7

 (as opposed to 10
–6

 

for the reflectance results from eGAP computations; see Sec. 4.1). Therefore the dabs(R) 

differences for MarCh-AD and SOS-CAOS depict the sum of (i) numerical reflectance 

differences with eGAP computations; and (ii) round-off residuals for the reflectance values in 

Table S2. Hence when the numerical results for the MarCh-AD and SOS-CAOS computations 

approach each other down to 10
–7

, then their dabs(R) differences shown in Fig. S2 become 

equal to one another and likely depict only round-off residuals for the reflectance values in 

Table S2. This can be clearly seen, e.g., for dabs(RQ,Vector) in Fig. S2d.  

The yellow bars in the diagrams in Figs. S2a– S2l (first and third row) depict an 

absolute uncertainty of ±10
–6

 using the left ordinate axis, and of ±10
–5

 using the right ordinate 

axis, for the RI,Vector, RQ,Vector, and RU,Vector reflectance values in Table S2. Note that, except 

for 18 isolated cases, the absolute RT code reflectance differences dabs(RI,Vector), dabs(RQ,Vector) 

and dabs(RQ,Vector) plotted in these figures for MarCh-AD and SOS-CAOS remain less than  

±1.5×10
–6

 (see left ordinate axis) for all 2,400 comparison cases, i.e., for all 800 

viewing/altitude/wavelength combinations multiplied by three Stokes parameters. The 18 

exceptions occur for SOS-COAS results, but the corresponding absolute reflectance 

differences still remain within ±2×10
–6

. In what follows, we will use bold-faced fonts in our 

testbed tables to mark such exceptions. However note that, after performing extensive tests for 

these few exceptions, we stand by the stated uncertainty of ±10
–6

 for all values given in our 

testbed tables (including those for scalar computations) unless noted otherwise.   

The absolute reflectance differences dabs(RI,Vector), dabs(RQ,Vector) and dabs(RU,Vector) 

plotted in the same diagrams for SMART-G (see right ordinate axes in first and third row in 

Figs. S2a–S2l) remain for all 1,200 SRF comparison cases (with the exception of three 

isolated cases) less than ±1.5×10
–5

. For the 1,200 TOA comparison cases, larger differences 

can be found for 27 cases that occur mostly when the viewing angle becomes large (see, e.g., 

results provided for 550 nm when θ0 = 60° in Figs. S2h and S2j). Shown also in these 

diagrams are black error bars that denote the statistical uncertainties for SMART-G 

computations. Note that these uncertainties increase with viewing angle as discussed in Sec. 

5.2.2, such that all 2,400 SMART-G results (i.e., including those for TOA) still remain 

statistically within ±1.5×10
–5

 of the reflectance values listed in Table S2. Hence the stated 

uncertainty for SMART-G computations performed for this study is ±10
–5

. 

In Figs. S2a–S2l we also provide diagrams (see second and fourth row) for the relative 

differences drel(RI,Vector), drel(RQ,Vector), and drel(RU,Vector) defined as 
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The yellow bars in these diagrams denote now the relative reflectance difference computed 

for an absolute reflectance difference of ±10
–6

, i.e., the bars are now inversely proportional 

(and subsequently multiplied by 100×10
–6

) to the magnitude of the values in Table S2. Note 

that no relative differences are shown for Stokes parameter U when θ = 0° or 180° because 

they become then undefined (i.e. the corresponding values for U in Table S2 become then 

zero). Consistent with the results shown in the first and third row of Figs. S2a– S2l, the 

relative differences for MarCh-AD and SOS-CAOS remain within the yellow error bars except 

for a few SOS-CAOS  cases (see discussion above: 18 cases exhibit statistically larger 

differences). However the yellow error bars reveal now also that the MarCh-AD and SOS-

CAOS results agree with those in Table S2 to within ±10
–6

 for small values (i.e., for large 

yellow error bars) of RQ,Vector and RU,Vector that occur in the vicinity to polarization minima; 

see, e.g., Fig. S2d. Except for such cases of vicinity to polarization minima, we see that the 

relative differences for MarCh-AD and SOS-CAOS remain well below 0.05% (and often 

below 0.01%). Furthermore even when these relative differences become larger, they are 

often caused by round-off residuals for the reflectance values reported in Table S2 (see 

discussion above for absolute differences). 

The relative differences drel(RI,Vector), drel(RQ,Vector), and drel(RU,Vector) for the SMART-G 

results are displayed in the second and fourth row of Figs. S2a–S2l. Note that the majority of 

1,200 SRF comparison cases for SMART-G remain within the yellow error bars. Furthermore 

the statistical uncertainties of SMART-G computations, which are denoted by black error bars 

in these rows, overlap with the yellow error bars for the remaining SRF comparison cases. 

Recall that the yellow bars correspond here to a relative reflectance difference when the 

absolute reflectance difference is ±10
–6

. This implies that all 1,200 SRF comparison cases for 

SMART-G are consistent with those in Table S2 to within ±10
–6

. This is not true, however, for 

all 1,200 TOA comparison cases; see, e.g., the diagrams in Fig. S2h for θ0 = 60° where the 

yellow and black error bars do not overlap. For those exceptions, the SMART-G results still 

remain statistically consistent with those in Table S2 to within ±1.5×10
–5

 (see discussion 

above for absolute differences). 

Finally, Figs. S2m and Fig. S2n (see supplementary material) show the absolute 

difference dabs(DLP) of the degree of linear polarization DLP for SRF and TOA, respectively.  

If we substitute Eqs. (19a), (19b) and (19c) for I, Q, and U in Eq. (2), respectively, we obtain 

 

           
√        

 
       

√         
             

  

 
 . (22) 

 

The absolute difference dabs(DLP) is then obtained as follows: 

 

     (   )     
                  (23) 

 

where the first and second terms on the right-hand side of Eq. (23) are computed from the RT 

codes described in Secs. 4.2–4.4 and from Table S2, respectively. For reference, we also 

provide (see purple symbols and right ordinate axis) the actual values of DLP computed from 

Table S2. The yellow bars in the diagrams for dabs(DLP) show the numerical accuracy target 

of 0.1% stated in Sec. 1. The black error bars are the statistical uncertainties for SMART-G 

                  



results (these uncertainties were computed from the propagation of statistical uncertainties in 

RI,Vector, RQ,Vector, and RU,Vector). Note that all RT code (i.e., eGAP, MarCh-AD, SOS-CAOS, 

SMART-G) computations for DLP agree within 0.1%. The agreement remains excellent even 

for steep gradients in DLP seen in the second column of Fig. S2m (DLP can change more 

than 20% for a 5° change in viewing angle ϑ if λ=650 nm), and for low values of DLP seen in 

the first column of Fig. S2n (e.g., DLP approaches 0.1% for λ=350 nm at ϑ = 40°). This 

implies that the accuracy of our RT computations for AOS model AOS-I is better (by a factor 

of 2) than the measurement accuracy for current state-of-the-art polarimeter instruments.  

 

5.4.2 AOS-II model 

The diagrams and yellow bars in Figs. S3a–S3f (see supplementary material) depict 

the same quantities as in Figs. S2a–S2f except for the AOS model AOS-II reflectance values 

in Table S3. Again, we observe that all vector RT reflectance results (i.e., 1,200 comparisons 

at SRF altitude for this AOS model) differ by less than 1.5×10
–6

 from one another except for 

one incidental SOS-CAOS case (see bold-face font entry for vector results in Table S3a) that 

differs from eGAP by 2×10
–6

. We also observe that many differences are likely caused by 

round-off residuals for the values given in Table S3 (see e.g., Fig. S3d where the results 

shown for the MarCh-AD and SOS-CAOS computations overlap one another). Finally, the 

relative difference in RT reflectance computations remains well below 0.05% (and often 

below 0.01%) except for those cases (see, e.g., again Fig. S3d) where the reflectance values 

given in Table S3 become small. The corresponding results for the absolute RT differences in 

DLP are shown in Fig. S3g (see supplementary material), where we also provide the actual 

DLP values computed from Table S3. Here, 15 isolated cases are identified where dabs(DLP) 

exceeds 0.1%. However, all these cases are likely caused by round-off residuals for the values 

given in Table S3 (that is, note in Fig. S3g the overlap of results for the MarCh-AD and SOS-

CAOS computations). Furthermore all dabs(DLP) values remain less than 0.2%, which implies 

that the accuracy of our RT computations for AOS model AOS-II matches the measurement 

accuracy for current state-of-the-art polarimeter instruments. 

 

5.4.3 AOS-III model 

The RT differences for the reflectance values given in Table S4 are shown in Figs. 

S4a–S4l (see supplementary material). The diagrams and yellow bars in these figures depict 

the same quantities as defined for Figs. S2a–S2l except for AOS model AOS-III. They show 

that the absolute RT reflectance differences for this AOS model remain less than 1.5×10
–6

 for 

all 2,400 comparison cases. Furthermore, most differences are likely caused by round-off 

residuals for the reflectance values given in Table S4 (as evidenced by the overlapping results 

for the MarCh-AD and SOS-CAOS computations). The relative difference in RT reflectance 

computations remains again well below 0.05% (and often below 0.01%) for most scattering 

geometries. Furthermore, fewer scattering geometries exhibit relative reflectance differences 

≥1% (which are caused by low reflectance values in Table S4) than for AOS models AOS-I 

and AOS-II. The dabs(DLP) results for the absolute RT differences in DLP are shown in Figs. 

                  



S4m–S4n (see supplementary material) along with the actual values of DLP computed from 

Table S4.  Note in these figures that all dabs(DLP) results remain less than 0.05% except for 

two cases, where dabs(DLP) still remains less than 0.06% and is likely caused by round-off 

errors (see last diagram in Fig. S4m). This in turn implies that our RT computations for AOS 

model AOS-III are more accurate (by a factor of 4) than the measurement accuracy for current 

state-of-the-art polarimeter instruments. 

 

5.4.4 AOS-IV model 

Figures S5a–S5l (see supplementary material) depict the same quantities as Figs. 

S2a–S2l except for the reflectance values for AOS model AOS-IV in Table S5. Contrary to 

the results for the previous AOS models, we now observe that the absolute RT reflectance 

difference dabs(RI,Vector) remains larger than 1.5×10
–6

 for most scattering geometries at SRF 

altitude. Futhermore this difference is not the result of possible round-off residuals for the 

reflectance values in Table S5. Rather, it is predominantly caused by different numerical 

approximations made for the large diffraction peak of particulate scattering in the ocean (see 

discussion in Sec. 5.2). However dabs(RI,Vector) still remains smaller than 1.5×10
–5

 for all 1,200 

scattering geometries at SRF altitude except for three isolated SOS-CAOS cases that occur for 

ϑ ≥ 50° at λ = 550 nm (see bold-face font entry for vector results in Table S5b). For those 

isolated cases, dabs(RI,Vector) still remains less than 2.0×10
–5

. Furthermore, the relative RT 

reflectance difference drel(RI,Vector) remains smaller than 0.05% for most scattering geometries 

at this altitude. The same observations can be made for the corresponding results at TOA, 

although both dabs(RI,Vector) and drel(RI,Vector) become now smaller (except at λ = 650 nm). As a 

result, at TOA dabs(RI,Vector) reaches values between 1.5×10
–5

 and 2.0×10
–5

 for only two 

isolated SOS-CAOS cases that occur for ϑ ≥ 55° at λ = 550 nm (see bold-face font entry for 

vector results in Table S5d). Note also that many of the large absolute RT reflectance 

differences seen at SRF altitude are still noticeable at TOA. The results for dabs(RQ,Vector) and 

dabs(RU,Vector) can be described in a similar manner as those for dabs(RI,Vector) except that (i) they 

remain less than 1.5×10
–6

 for many more (i.e., the majority of) scattering geometries (ii) there 

are no scattering geometries where they reach or exceed 10
–5

. Hence the stated uncertainty for 

the testbed results in Table S5 is ±10
–5

. The corresponding relative RT differences 

drel(RQ,Vector) and drel(RU,Vector) remain also smaller than 0.05% except for those scattering 

geometries (e.g., Figs. S5c and S5f) where RQ,Vector or RU,Vector reflectances become small in 

Table S5. Finally, Figs. S5m– S5n (see supplementary material) show the dabs(DLP) results 

for the absolute RT differences in DLP. We also provide here the actual values of DLP 

computed from Table S5. Note that dabs(DLP) remains smaller than 0.05% for all scattering 

geometries in spite of dabs(RI,Vector), dabs(RQ,Vector), and dabs(RU,Vector) exceeding many times 

1.5×10
–6

 (but never 1.5×10
–5

 save for the above-mentioned five exception cases). We 

therefore conclude that our RT computations for AOS model AOS-IV remain more accurate 

(by a factor of 4) than the measurement accuracy for current state-of-the-art polarimeter 

instruments. 

 

 

                  



6. Summary 

We generate and tabulate reflectance values for upwelling polarized radiance just 

above a wind-ruffled ocean surface and at the top of the atmosphere for a variety of scattering 

geometries and atmosphere-ocean systems. These tables are provided separately as 

supplementary material at doi:10.1016/j.jqsrt.2019.XX.XXX; see Appendix A for details. The 

comparison cases chosen for these results (1,200 for each altitude) capture sunglint profiles, 

backscattering directions, linear polarization minima profiles, and steep changes in linear 

polarization with viewing angle. Four atmosphere-ocean systems are chosen to focus on 

computations that involve (i) repeated reflection of light between the atmosphere and ocean 

surface (AOS I model); (ii) transmission of light and internal reflection by the ocean surface 

(AOS II model); (iii) coupling between atmospheric and oceanic scattering (AOS III model); 

and (iv) sharply forward-peaked scattering by marine particles (AOS IV model). In addition to 

results obtained from vector radiative transfer computations, we also provide results for scalar 

radiative transfer computations. All values are reported at four wavelengths that are situated 

in the UV (350 nm), blue (450 nm), green (550 nm), and red (650 nm) part of the spectrum. 

Finally, we provide reflectance values for one atmosphere-ocean system at  370 nm to match 

and follow up on benchmark results that were previously published for an isolated molecular 

scattering slab of atmosphere. 

To validate our computations, we used three independent radiative transfer codes (the 

eGAP code provided by J. Chowdhary, the SOS-CAOS code provided by P. Zhai, and the 

MarCh-AD code provided by F. Xu) that utilize different numerical methods (the doubling-

adding method, the successive orders of scattering method, and the hybrid Markov Chain 

adding-doubling method) to perform multiple scattering calculations. Each code was 

rigorously tested for internal consistency (conservation of energy and symmetry relationships 

for scattering of polarized light in non-absorbing media) and checked for convergence of 

results in numerical approximations (by increasing the number of streams and Fourier series 

terms for light propagation computations). We used eGAP to compute all tabulated values, 

and MarCh-AD and SOS-CAOS to assess their associated uncertainties. 

Except for some isolated cases (identified by bold-faced font entries in our tables) 

where the uncertainty becomes twice as large, the resulting validated accuracy of our 

tabulated reflectance values is 10
–5

 for the computations with sharply forward-peaked 

scattering by marine particles (i.e., with scattering phase functions that have asymmetry 

parameters ≥0.95), and it is 10
–6

 for all other computations. The corresponding relative 

differences in reflectance values are less than 0.05% for most cases (and often less than 

0.01%), except for polarized reflectance values at scattering geometries that are in the vicinity 

of linear polarization minima. We also provide plots for the degree of linear polarization and 

show that it varies by less than 0.1% between the computations by our different radiative 

transfer codes for all 8,400 cases of scattering geometries, atmosphere-ocean systems, 

wavelengths, and altitudes considered in this work except for 15 isolated cases. The latter 

exceptions are caused by round-off residuals for our tabulated reflectance values, but vary still 

less than 0.2%. This meets our threshold objective, i.e., to provide tabulated numerical 

reflectance values that are more accurate than the measurement accuracy of state-of-the-art 

polarimetric remote sensing instruments.  

                  



 Applicability of our tabulated reflectance values to validating probabilistic solutions of 

the vector radiative transfer equation is illustrated in comparisons with results obtained by a 

stochastic (Monte Carlo) radiative transfer code, i.e., SMART-G provided by D. Ramon, for 

the simplest atmosphere-ocean system: a molecular atmosphere above a rough ocean surface. 

Taking the statistical uncertainties of SMART-G computations into account, the agreement is 

within 10
–5

 at the top of the atmosphere, and within 10
–6

 just above the ocean surface, for the 

upwelling reflectance at all scattering geometries and wavelengths. The corresponding 

relative differences in reflectance values are similar to those for SOS-CAOS and MarCh-AD 

computations. The degree of linear polarization computed from SMART-G reflectance values 

agree within 0.1% with those computed from our tabulated reflectance values for all 

scattering geometries, atmosphere-ocean systems, wavelengths, and altitudes.       

 

 

Appendix A: supplemental material 

Supplementary tables and figures discussed in this article are given by electronic form 

and can be found in the online version of this article at doi:10.1016/j.jqsrt.2019.XX.XXX. 

The tables of supplementary material, referenced with a „S‟ preceding the table number, 

provide (i) the non-zero elements of scattering matrix Fp(Θ)/(4π) for hydrosol in AOS-IV 

model; and (ii) reflectance testbed values RI,comp, RQ,Vector, RU,Vector for AOS-I, AOS-II, AOS-III, 

AOS-IV, and AOS-I* models. The figures of supplementary material, referenced with a „S‟ 

preceding the figure number, provide (i) definitions for scattering geometries and reference 

plances used for the RT computations in this article; and (ii) absolute and relative differences 

between different RT code computations of reflectance testbed values RI,Vector, RQ,Vector, and 

RU,Vector for AOS-I, AOS-II, AOS-III and AOS-IV models. 
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Figure 1. Conventions used in this work for scattering geometries and for reference planes in 

RT computations for atmosphere-ocean systems. Note that meridian plane M0 coincides with 

the solar principal plane. 
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Table 1. Overview and references for AOS models used in this study.  

AOS model Ocean Body Ocean Surface Atmosphere 

AOS-I,  

AOS-I* § 
none 

rough
‡
 

 see Sec. 3.2 

 see Table 4 

molecular
†
 

 see Sec. 3.3 

 see Table 5a, 5b 

AOS-II 
pure water

†
 

 see Sec. 3.1 

 see Table 2 

rough
‡
 

 see Sec. 3.2 

 see Table 4 

none 

AOS-III 
pure water

†
 

 see Sec. 3.1 

 see Table 2 

rough
‡
 

 see Sec. 3.2 

 see Table 4 

molecular
†
 

 see Sec. 3.3 

 see Table 5a 

AOS-IV 
pure water

†
 & hydrosol 

 see Sec. 3.1 

 see Table 2 & 3, S1 

rough
‡
 

 see Sec. 3.2 

 see Table 4 

molecular
†
 

 see Sec. 3.3 

 see Table 5a 

§ AOS-I and AOS-I* models differ in sun & viewing geometries and in atmospheric optical depth  
† Rayleigh scattering with zero depolarization 
‡ no shadowing effects, no ocean foam, no renormalization 

 

  

                  



 

Table 2. Ocean body scattering coefficients bw and bp, absorption coefficients aw and ablk, single 

scattering albedos ωblk, and optical thicknesses ηblk, for AOS-II to AOS-IV models 

AOS 

model 
Property Equation 

[Chl] = 0.03 mg/m3 [Chl] = 3.00 mg/m3 

λ = 350 nm λ = 450 nm λ = 550 nm λ = 650 nm 

II, III, IV bw(λ) § (3), (10), (12) 0.0134 0.0045 0.0019 0.0010 

II, III 

bp(λ)  (3), (10), (12) 0 0 0 0 

ablk(λ)  (11a) 0.0204  0.0092 0.0565 0.3400 

ωblk(λ)  (10) 0.39644970 0.32846715 0.03253425 0.002932551 

ηblk(λ)  † (12) 3.38 1.37 5.84 34.1  

IV 

bp(λ,[Chl]) (3), (10), (12) 0.0422 0.0335 0.8050 0.8050 

ablk(λ,[Chl]) (11b) 0.0215 0.0144 0.1065 0.3787 

ωblk(λ,[Chl]) (10) 0.72114137 0.72519084 0.88340267 0.68034101 

ηblk(λ,[Chl]) 
† (12) 7.71 5. 24 91.34 118.47 

§ Does not vary with [Chl];   † For Δzocean = 100 m 

 

 

 

 

Table 3. Properties and mixing ratios of D-P hydrosol components (i.e. of detritus and phytoplankton 
mixtures) for AOS-IV model. 

AOS model Property Equation Detritus Phytoplankton 

IV 

Junge size distribution exponent γ § - γ
dm

   = 4.4 γ
ph

   =  3.7 

Refractive index m - m
dm

  = 1.15 m
ph

  =  1.04 

Backscattering ratio  ̃   (7)  ̃     = 4.444×10‒2  ̃     =  2.663×10‒3  

Scattering cross section σ 
†
 (9) σ

dm
   = 1.388×10‒5  σ

ph
   =  8.874×10‒5  

Mix ratio f for [Chl] = 0.03 mg/m3 a) (9) f
dm

  = 0.61   f
ph

  =  1 ‒ fdm  

Mix ratio f for [Chl] = 3.00 mg/m3 b) (9) f
dm

 = 0.34    f
ph

 =  1 ‒ fdm 
§ Assuming spherical particles with radii between 0.01 ‒ 100 μm;  † in μm

2
, computed at λ = 550 nm and assumed spectrally 

invariant     

a) mixture  ̃    = 0.0108;   b) mixture  ̃    =  0.0058  

 

 

 

 

Table 4. Ocean surface properties.  

AOS model Surface Model Roughness Equation χ2 mw 

I, I*, II, III, IV 
Cox and Munk 

(1954) 
Gaussian 
isotropic § 

(13), (14) 0.03884 ‡ 1.34 – 0i 

§ No shadowing effects, no ocean foam, no normalization   

‡ This corresponds to W ≈ 7 m/s  

                  



 

 

 

Table 5a. Single scattering albedo ωmol and extinction optical thicknesses ηmol for the atmosphere in 

AOS-I to AOS-IV models.  

AOS model Property Equation λ = 350 nm λ = 450 nm λ = 550 nm λ = 650 nm 

I, II, III, IV ωmol (λ) (15) 1 1 1 1 

I, III, IV 
ηmol (λ) (15) 

0.63031 0.22111 0.097069 0.049188 

II 0 0 0 0 
The TOA and SRF results in this study are for a detector located above below the atmosphere (see also Fig. 1). 

 

 

Table 5b. Same as Table 5a except for AOS-I* model.  

AOS model Property Equation λ ≈ 370 nm 

I* 
ωmol (λ) (16) 1 

ηmol (λ) (17) 0.5 
The TOA and SRF results in this study are for a detector located above 

below the atmosphere (see also Fig. 1). 

  

                  



Table 6. Summary of the RT code characteristics and options used to perform the RT computations. 

Topic Available option eGAP MarCh-AD SOS-CAOS SMART-G Testbed Tables 

C
o

m
p

u
ta

ti
o

n
s 

RT method fixed (code-specific) 
Adding-

Doubling 

Markov-Chain-

Adding-

Doubling 

Successive 

Order of 

Scattering 

Monte 

Carlo 

Adding-

Doubling 

AOS 

inhomogeneity 

Vertical variations yes yes yes yes 
Plane-parallel, 

horizontally 

homogeneous 

Horizontal variations no no no yes 

Spherical shell  no no no yes 

Stokes vector 

Scalar: I (ignore Q, U, V) yes yes yes no 

Full Stokes 

vector 
3×3: I, Q, U (ignore V) yes yes yes no 

Full: I, Q, U, V yes yes yes yes 

AOS Reflection 

matrices  

All scattering contributions yes yes yes yes All scattering 

contributions 
Scattering decomposition

§
 yes no yes no 

Light propagation 

Gaussian streams yes yes yes yes Decoupled & 

non-Gaussian 

Streams Add non-Gaussian streams yes yes yes yes 

Decouple sky-ocean streams yes no yes no 

Accuracy User-prescribed yes no 
† 

 no 
†
 no 

†
 10-5 - 10-6  ‡ 

A
tm

o
sp

h
er

e 

Molecular 

scattering and 

absorption 

Classic Rayleigh yes yes yes yes 

Classic 

Rayleigh 
Depolarization yes yes yes yes 

Inelastic no no no no 

Aerosol scattering 

and absorption 

Classic Mie  yes yes yes yes 

none 
Randomly oriented shapes yes yes yes yes 

Oriented shapes no no no yes 

Conservation of energy yes yes yes yes 

Cloud scattering 

and absorption 

Classic Mie yes yes yes yes 

none 
Randomly oriented shapes yes yes yes yes 

Oriented shapes no no no yes 

Conservation of energy yes yes yes yes 

O
c

e
a n
 

su
r

fa
c e Wave roughness Smooth (flat surface) no no yes yes Isotropic 

                  



Isotropic yes yes yes yes  

Anisotropic yes yes yes  no 

Wave scattering 

Geometrical optics approach yes yes yes yes 

Geometrical 

optics 

approach 

BRDF surface approach no yes yes yes 

Foam (Lambertian) yes yes yes yes 

Wave shadowing yes yes yes fixed/yes ⁋ 

Energy conservation yes yes yes fixed/yes ⁋ 

O
ce

an
 b

o
d

y 

Molecular 

scattering and 

absorption 

Classic Rayleigh yes yes yes yes 

Classic 

Rayleigh 
Depolarization yes yes yes yes 

Inelastic no no yes no 

Hydrosol scattering 

and absorption 

Classic Mie yes yes yes yes 

Classic Mie 

& energy 

conservation 

Randomly oriented shapes yes yes yes yes 

Oriented shapes no no no yes 

Energy conservation yes yes yes yes 

Bottom Surface (Lambertian) yes yes yes yes none 

§ Scattering contribution from (i) atmosphere, (ii) sun-glint, (iii) atmosphere + surface, (iv) water-leaving radiance, (v) residual 

† User can control (but not prescribe) accuracy by specifying stream number, Fourier terms, and sublayer optical thickness (MarCh-AD, SOS-COART), or 

the number of photons (SMART-G) 

‡ For each AOS model, based on comparison of corresponding RT code results for all altitudes, wavelengths, and scattering geometry 

⁋ Fixed (included) when using geometric optics to model ocean surface, optional when using BRDF to model ocean surface reflection 
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